Allosterism as a mode of receptor function regulation
Enzyme activity depends not only on substrate availability but also on the fi nal pathway products and on numerous endogenous small-sized compounds, including nucleotide and nucleotide derivatives. Exogenous compounds, including toxins, can also alter enzyme activity, a concept that has clinical applications. These early fi ndings lead to the discovery that enzymes, in addition to their classical catalytic sites, have non-catalytic regulator sites. Because these sites are independent and physically separated from the catalytic domain of the enzyme, the term allosteric was coined, referring to allos and stereo (spatially separated sites). This hypothesis implies that modulators alter the tertiary and quaternary structure of enzymes, leading to increase or decrease in their activity. Allosteric regulators can therefore be classifi ed either as positive or negative, depending on their mode of action at the regulatory site (Monod et al. , 1965 ) .
Soon after the description of allosterism as a mechanism of enzyme regulation, Changeux and collaborators applied this concept to explain essential pharmacological features of the enzyme acetylcholinesterase and to the acetylcholine receptor identifi ed from the electroplax of Torpedo (Changeux et al. , 1968 (Changeux et al. , , 1969a . They demonstrated positive cooperativeness in acetylcholine binding, a phenomenon previously observed for hemoglobin oxygen binding. Once the pentameric structure of the nicotinic receptor was disclosed, it was immediately recognized that two acetylcholine molecules are required to open the nicotinic receptor channel and it was confi rmed that the binding of the fi rst ligand molecule facilitates the binding of the second molecule (Galzi et al. , 1991 ) . Several modulator sites were soon discovered, affecting the affi nity of receptors for acetylcholine and channel opening (Galzi et al. , 1991 ) .
Following the seminal work with the nicotinic receptor, multiple allosteric regulatory sites were soon described for other ligand-gated receptor channels. For example, the GABA A receptor, which shares with the nicotinic receptor a pentameric subunit composition, is regulated allosterically by a variety of endogenous and exogenous compounds/ drugs (Costa , 1991 ) . Among them, perhaps the best studied are the benzodiazepines and their endogenous counterparts, the alleged endozepines (Haefely , 1989 ) . Steroids, including brain-derived neurosteroids, also allosterically modulate this receptor at a site mimicked by alfaxolone, a steroid with anesthetic properties. The GABA A receptors also have ethanol and barbiturate regulatory sites, which might or might not be related to the site for non-steroidal volatile or venous anesthetic agents, such as propofol or ketamine.
Others have extensively elaborated on the role of allosteric modulators of G-protein-coupled receptors as a novel approach for the treatment of brain disorders. Also, several compounds previously thought to be competitive inhibitors of these receptors have now been found to fi t best as negative receptor modulators; inversely, compounds known to facilitate receptor activity are, in fact, positive allosteric receptor modulators (Christopoulos et al. , 2004 ) .
Allosteric modulation has opened exciting opportunities in pharmacology, with wide implications not only to the clinic of anesthetic drugs but also to the industry. For example, in the case of taste receptors, a positive allosteric regulator of the sweet receptors will require less sugar or its substitute, for an equivalent sweet taste. Likewise, for the salt receptor, a positive allosteric modulator will be useful for the food industry increasing the salty taste without increasing the salt concentration in food or beverages.
Similar to glutamate, nicotinic and GABA A receptor channels, the function of ATP-gated P2X receptors (P2XRs) is also allosterically modulated and multiple regulator allosteric sites have been identifi ed. This review focuses on endogenous trace metals such as zinc or copper, ivermectin (IVM), neurosteroids, and other drugs that act as P2XR modulators. We also will cover the role of reactive oxygen species (ROS), the phosphoinositides, alcohols, and related clinically relevant anesthetic drugs as P2XR modulators and their putative mechanism(s) of receptor activity modulation.
Molecular structure of purinergic P2X receptors
ATP was suspected to be a biosignaling molecule around 80 years ago following the pioneer work of the Szent-Gyorgyi laboratory in Hungary; they demonstrated cardiovascular properties of muscle extracts enriched in adenine derivatives (Drury and Szent -Gyorgyi, 1929 ) . However, the idea that purines are involved in nerve communication, as in purinergic transmission, emerged 40 years later (Burnstock , 1972 ) ; this concept was received with great skepticism, until the fi rst purinergic receptors were cloned in the 1990s (Lustig et al. , 1993 ; Webb et al. , 1993 ) . It is now well established that nucleotides derived from either purines or pyrimidines activate separate families of membrane receptors: the two transmembrane (TM) domain P2XRs, and the seven TM domain P2Y receptors. In addition, it was soon realized that adenosine activates a separate family of receptors (the P1 or adenosine receptors); both the P1 and the P2Y receptors signaling through heterotrimeric G proteins (Ralevic and Burnstock , 1998 ) . The fi rst two P2XRs were cloned 15 years ago by two independent groups (Brake et al. , 1994 ; Valera et al. , 1994 ) and became the focus of immediate attention because of their unique structural and biological properties. Subsequently, fi ve additional mammalian subunits were cloned and termed P2X1 -P2X7. These receptors are organized as trimeric homomers or heteromers (Nicke et al. , 1998 ) .
In addition to two TM domains (TM1 and TM2), all P2XR subunits have a large extracellular loop, and intracellularly located N-and C-termini (Valera et al. , 1994 ; Newbolt et al. , 1998 ; Torres et al. , 1998 ) . The TM domains are involved in gating the ion channel and lining the ion pore; these amino acid sequences are predicted to adopt α -helical structures in activated P2X2Rs (Rassendren et al. , 1997 ; Egan et al. , 1998 ; Haines et al. , 2001a,b ; Jiang et al. , 2001 ; Khakh and Egan , 2005 ) and P2X4Rs (Silberberg et al. , 2005 ; Jelinkova et al. , 2008 ; Jindrichova et al. , 2009 ) . Helices of different subunits move relative to each other during channel opening and closing . The TM2 appears to play a dominant role in receptor functions, including the fi xation of receptors in the membrane (Torres et al. , 1999 ; Duckwitz et al. , 2006 ) , channel assembly, gating, ion selectivity, and permeability for divalent ions Li et al. , 2004 ; Khakh and Egan , 2005 ; Samways and Egan , 2007 ) . The TM2 residues Thr   336   , Thr   339   ,  and Ser 340 were suggested to contribute to the formation of the pore, gate, and selectivity fi lter of P2X2Rs (Migita et al. , 2001 ; Egan and Khakh , 2004 ; Samways and Egan , 2007 ) .
The TM regions are separated by a large hydrophilic extracellular loop (ectodomain) containing several conserved amino acid residues, including 10 conserved cysteine residues that have been predicted to make disulfi de bonds in the following order (P2X4R numbering): 116 -165 (SS1), 126 -149 (SS2), 132 -159 (SS3), 217 -227 (SS4), and 261 -270 (SS5) (Clyne et al. , 2002b ; Ennion and Evans , 2002 ) . These bonds provide the structural base for the tridimensional organization of P2XRs (Rockic et al. 2010) . The ectodomain contains two to six asparagines that can serve as N-linked glycosylation sites, as well as residues relevant for formation of orthosteric and multiple allosteric binding sites (Evans , 2009 ) . Positively charged lysine residues 67, 69, and 313 (P2X4R numbering) are probably involved in coordinating the binding of negatively charged phosphates of ATP (Ennion et al. , 2000 ; Jiang et al. , 2000 ; Zemkova et al. , 2007 residues in binding to P2X1R has also been suggested (Yan et al. , 2005 ; Roberts and Evans , 2007 ; Roberts et al. , 2009 ) . It is also possible that the AspPheArg ectodomain motif contributes to ATP binding (Roberts and Evans , 2007 ) . Furthermore, a large sequence downstream of the Lys 313 residue of P2X4R could contribute to agonist evoked conformational changes , as well as the Thr 186 and Phe 188 residues of P2X1R (Roberts et al. , 2009 ) . The cysteine residues forming SS2 and SS3 bonds could contribute to the formation of a metal ion-binding site, which together with a nearby histidine residue, contributes to Zn 2 + binding of P2X2R (Clyne et al. , 2002a,b ; Friday and Hume , 2008 ) and P2X4R . The relevance of SS bonds in responsiveness of P2X4R to ethanol was also suggested (Yi et al. , 2009 ). These fi ndings will be discussed in detail in the following sections.
The N-termini of all P2XRs are relatively short (around 25 amino acids), whereas the length of C-termini ranges from around 30 amino acids (P2X6R) to approximately 215 residues (P2X7R). Both N-and C-termini serve as molecular targets for a series of post-transcriptional modifi cations, including RNA splicing, phosphorylation, and protein-protein interactions. The C-terminal tail of P2X2R plays important roles in determining the rate of desensitization (a decrease in the current amplitude during the sustained agonist application), as documented by characterization of functional splice forms of these receptors and site-directed mutagenesis experiments (Brandle et al. , 1997 ; Koshimizu et al. , 1998a Koshimizu et al. , ,b , 2006 . By contrast, the C-terminal of P2X7R is involved in the sustained facilitation of receptors (an increase in the current amplitude during the sustained agonist application) (Becker et al. , 2008 ; Yan et al. , 2008 ) . It also appears that the interactions between N-and C-termini play a role in P2X2R gating (Koshimizu et al., 2006 ) . Recently, crystallization of the zebrafi sh P2X4R has fully confi rmed the trimeric structure of the functional P2XRs, helical organization of TM domain, detailed structural elements of the pore and channel vestibules, as well as sharp anatomical evidence of the orthosteric ATP binding sites (Kawate et al. , 2009 ). This research also revealed that a single P2X4 subunit resembles a ' dolphin ' with three disulfi de bonds (SS1 -SS3) occurring in the ' head ' , the SS4 bond in the ' dorsal fi n ' and the SS5 bond located near the TM domains at the bottom of the body region. Using this tridimensional structure as a molecular sculpt, it is now possible to better defi ne and characterize the allosteric sites that will be discussed next.
Trace metals as allosteric modulators of P2XRs
Trace metals are essential to life; these atoms are integral components of enzymes and other proteins. Metals coordinate with specifi c amino acid residues, such as histidines or cysteines, and amino acids with negatively charged residues, such as aspartic and glutamic acids. Among them, the main body trace metals zinc, copper, and iron have particular relevance; cells have evolved unique mechanisms for their absorption, intracellular transport, and elimination (Madsen and Gitlin , 2007 ) . In addition, intracellular traffi cking is tightly regulated by several specifi c metallochaperones that direct the metals to specifi c cellular pathways avoiding toxicity through nonspecifi c binding to other proteins. The catalytic activity of several central nervous system (CNS) enzymes, including superoxide dismutase, alcohol dehydrogenase, cytochrome c -oxidase, and tyrosine or tryptophan hydroxylases, are zinc and/or copper-dependent (Richardson et al. , 1975 ; Jornvall , 1994 ; Nagatsu , 1995 ) . Zinc is also important in regulation of gene expression by binding to specifi c DNA sequences and forming zinc-fi nger motifs (Miller et al. , 1985 ) and copper in expression of the prion protein (Varela -Nallar et al., 2006 ) .
A turning point in the understanding of the physiology of these metals was the discovery that trace metals zinc and copper are transported intracellularly and stored in synaptic vesicles through transporters such as ZnT3 and ZnT4 (Palmiter and Huang , 2004 ) or Ctr1 for copper (Kuo et al. , 2001 ) , together with transmitters such as glutamate, GABA or ATP. After release to the synaptic cleft, these metals can reach concentrations as high as 250 -300 µ m (Assaf and Chung , 1984 ; Kardos et al. , 1989 ) . The development of molecular biology techniques in the 1980s and 1990s generated the possibility to explore in detail the metal-modulation of receptors and channels expressed in heterologous systems leading to the identifi cation of metal allosteric sites.
In general, the released metal can interact with several membrane channels and/or receptors, modulating the activity of these proteins and changing pre-or postsynaptic responses; metal targets include voltage-gated sodium (Na v ), calcium (Ca v ), or potassium (K v ) channels; store-operated calcium channels, transient receptor potential channels, and ligandgated channels (Mathie et al. , 2006 ) . Zinc and copper also modulate the activity of most ligand-gated ionic channels, including NMDA and AMPA/kainite glutamate receptors, GABA A , glycine, and nicotinic receptors; these metals do not gate per se the channel, because they all require the ligand to open the pore (Huidobro -Toro et al., 2008 ) . Several reports have identifi ed crucial residues required for zinc and copper effects on these receptors; most of them are histidines, cysteines or aspartic acids located in the extracellular domain of the channel (Huidobro -Toro et al., 2008 ; Sedlacek et al. , 2008 ) . A most direct and illustrative experimental protocol that fully supports and illuminates the relevance of metalmodulation comes from research with the glycine receptor channe that is positively regulated by zinc. Transgenic mice expressing the D80A mutant of the α -1 subunit of this receptor, which is zinc-insensitive, exhibited hyperekplexia, a complex neurological disorder, compared to littermates expressing the wild-type glycine receptor. This fi nding allowed the authors to conclude that the endogenous release of zinc in the brain is decisive for normal glycinergic transmission (Hirzel et al. , 2006 ) .
One of the most remarkable characteristics of P2XRs is their differential allosteric modulation by metals (AcunaCastillo et al., 2000 ; Coddou et al. , 2003a Coddou et al. , ,b , 2007 HuidobroToro et al., 2008 ) . The effects vary among different metals and between the different P2X subunits (summarized in Table  1 ); several amino acid residues have been identifi ed as crucial for metal effects and they probably form part of specifi c metal allosteric sites as summarized in Figure 1 . The fi rst allosteric modulators described for the P2XR family were trace metals zinc and copper, which were also used as additional criteria to characterize P2XRs.
P2X1R, P2X3R and P2X5R
Whereas the P2X1R function is inhibited by zinc in a concentration-dependent manner, the P2X3R function is weakly potentiated by this metal, with a maximal effect at 10 µ m (Wildman et al. , 1999 ) . Higher zinc concentrations reduce P2X3R current, suggesting the possible existence of two allosteric sites at this receptor, a high-affi nity with a positive modulator effect and a low-affi nity site with a negative modulator role. The P2X5R is also modulated in a biphasic manner by zinc, suggesting again at least two allosteric sites for this metal (Wildman et al. , 2002 ) . A modest inhibitory effect of cadmium on P2X1R and P2X3R has also been reported (Nakazawa and Ohno , 1997 ) . There is no information about the amino acid residues involved in the putative allosteric sites for trace metals of these receptors.
P2X2R
Both zinc and copper have a biphasic effect on this receptor, a signifi cant potentiation of the ATP-induced responses at 10 -100 µ m , and an inhibition with millimolar metal concentrations Nagaya et al. , 2005 (Virginio et al. , 1997 ; Wildman et al. , 1999 ; Acuna -Castillo et al., 2000 ; Clyne et al. , 2002a ; Wildman et al. , 2002 ; Coddou et al. , 2003a ; Lorca et al. , 2005 ; AcunaCastillo et al., 2007 ; Coddou et al. , 2007 ; Liu et al. , 2008 ) Copper ( µ m No effect (Khakh et al. , 1999 ; Priel and Silberberg , 2004 ; Jelinkova et al. , 2006 ; Toulme et al. , 2006 ; Silberberg et al. , 2007 ; Jelinkova et al. , 2008 ; Jindrichova et al. , 2009 ) His 245 , and His 319 are partially involved, probably contributing to the stabilization of the allosteric site . Using concatamers, the Hume group demonstrated that the allosteric sites for zinc and probably copper are formed by His 120 and His 213 of adjacent subunits (Nagaya et al. , 2005 ) , a hypothesis that has been recently confi rmed with the crystallization of a zebrafi sh P2XR (Kawate et al. , 2009 ). More recently, the same group showed that contrary to the rat and mouse P2X2Rs, the human P2X2R is inhibited by zinc and copper (Tittle and Hume , 2008 ; Nagaya et al. , 2009 ) , revealing the species-specifi c modes of metal modulation. A study of single-channel properties of the P2X2R has revealed complex copper effects because the metal increases the gating of the channel in a cooperative manner (E. Leiva-Salcedo, personal communication). A plausible interpretation of this fi nding suggests that copper might not only modify the channel aperture but it might also recruit subunits and induce a synergistic effect on the macro current. Other divalent metals also modulate the activity of the P2X2R; cadmium, mercury, nickel, palladium, and cobalt potentiate the receptor activity, and with the exemption of mercury, all of these metals interact with the same allosteric site of zinc and mercury . In the case of mercury potentiation, the use of chimeric P2X2/4Rs allowed us to determine that the primary site of action of this metal is an intracellular cysteine at position 430 (Coddou et al. , 2009 ). We postulate that this effect is more associated with the oxidative capacities of mercury than to a direct binding of the metal at a common extracellular metal allosteric site; this issue will be discussed in more detail in the next section.
Progesterone

P2X4R
The most exceptional characteristic of this receptor is its differential modulation by zinc and copper; whereas zinc potentiates the receptor activity, copper inhibits it (AcunaCastillo et al., 2000 ) , making it a suitable model to identify and dissect allosteric sites. This receptor contains only three extracellular histidines (a common target for copper and zinc binding) in its ectodomain. Site-directed mutagenesis studies revealed that out of the three histidines, only His 140 was crucial for the inhibitory action of copper (Coddou et al. , 2003a ) . Additionally, replacement of His 140 by alanine dramatically modifi ed the pattern of zinc action, changing it from a bellshaped curve, typical of biphasic modulation, to a sigmoid curve in which the maximal effect of zinc was dramatically increased (Coddou et al. , 2003a ) . These observations suggest the following conclusions: (i) His 140 is part of an inhibitory allosteric site for copper; and (ii) zinc also binds to this inhibitory site (with lower affi nity than copper) but when this site is absent, as in the H140A mutant, zinc only binds to the positive modulator site resulting in a sigmoid concentrationresponse curve.
Later, Asp 138 was identifi ed as a second component of the P2X4R inhibitory site ; mutation of this residue to an alanine as in D138A rendered similar effects to those observed with H140A, obliterating the copper inhibition and modifying the zinc potentiation from biphasic to sigmoid. By contrast, Cys 132 was identifi ed to be part of the positive allosteric site; the mutation of this residue to alanine not only obliterated the zinc potentiation, but in this mutant zinc also exerted an inhibitory modulation, somehow mimicking the inhibitor modulation exerted by copper. As discussed before, because zinc can interact with the two metal allosteric sites of the P2X4R, in the C132A mutant the metal now only binds to the inhibitory allosteric site and in this regard zinc behaves like copper in this particular receptor mutant .
The allosteric actions of metals are not limited to copper and zinc; cadmium, mercury, and cobalt also modulate P2X4R activity . The effects of cadmium are similar to that of zinc. Competition studies of both metals and the use of P2X4R mutants indicate that cadmium binds to the same positive allosteric site as zinc (Acuna -Castillo et al., 2000 ; Coddou et al. , 2005 ) . By contrast, mercury inhibited the P2X4R activity in a similar manner to copper; however, these two metals do not interact at a common and unique negative allosteric site because the H140A and D138A mutants, which are totally resistant to the action of copper, were inhibited by mercury even to a larger extent than the wild-type receptor . The precise determination of the negative modulator site of mercury remains unknown; it is possible that this metal acts at an intracellular site as has been observed for the P2X2R (Coddou et al. , 2009 ). Other metals, such as manganese, lead, barium, or nickel did not affect P2X4R activity (Acuna -Castillo et al., 2000 ; Coddou et al. , 2005 ) , demonstrating the strict structural requirements of the modulator allosteric sites characterized.
P2X7R
Divalent cations calcium and magnesium inhibit P2X7R activity (Virginio et al. , 1997 ) , as well as copper and zinc (AcunaCastillo et al., 2007 ) , indicating that these trace metals exert a negative modulator role. Copper is 20-fold more potent than zinc, with an IC 50 value of 4 µ m vs. 80 µ m , respectively 197 and His 92 in copper and zinc inhibition was proposed; none of these mutants alone eliminated the modulation by these trace metals; however, the modulation was diminished by the combined mutation of these two amino acids (Liu et al. , 2008 ) . Minor discrepancies between the later two studies discussed could be accounted for by differences in the P2X7R expression system (oocytes vs. HEK293 cells) or the agonist used (ATP vs. BzATP). It should be kept in mind that trace metals might exert a complex modulation owing to multiple allosteric sites for copper and zinc; future experiments should clarify this issue. As with the P2X2R, species differences in metal modulation have been reported for this receptor; whereas copper or zinc attenuated ATP-gated current in the rat P2X7R, only copper, but not zinc, inhibited the mouse receptor (Moore and Mackenzie , 2008 ) . By contrast, zinc effects were found to be dependent on the agonist used to activate the receptor; zinc potentiated the ATP-gated currents but inhibited those elicited by BzATP (Moore and Mackenzie , 2008 ) ; we lack a molecular interpretation of these fi ndings, although minor divergences could be attributed, at least in part, to the nature of the ligand-receptor complex.
Ivermectin, a specifi c P2X4R modulator
The selectivity, potency, and large effi cacy of IVM to potentiate the ATP-gated currents of homomeric and heteromeric P2X4R explains its interest as a nucleotide receptor modulator; in view of its specifi city, IVM is used as a tool to support nucleotide receptor subtype classifi cation. In addition, a search for its putative endogenous ligand is a challenging feature that will open novel insights to the evolution of this modulator site that, although selective for P2X4R, also interacts with other prominent brain transmitter receptors of the pentameric family of ionotropic channels.
IVM is a member of the avermectin family of lipophylic compounds; it is widely used as an antiparasitic agent in human and veterinary medicine (Ikeda , 2003 ) . IVM is a relatively bulky molecule (molecular weight of 870); it spans a distance of approximately 20 Å , as documented by nuclear magnetic resonance and X-ray crystallographic analysis (Springer et al. , 1981 ; Hu et al. , 1998 ) . It has been suggested that the therapeutic effects of IVM are mediated by an interaction with a glutamate-gated chloride channel expressed by parasites, leading to muscle paralysis and starvation (Cully et al. , 1994 ; Dent et al. , 1997 ) . In addition to glutamate-gated chloride channels expressed in invertebrate nerve and muscle cells (Ikeda , 2003 ) , IVM was found to modulate GABA A receptors from chick (Sigel and Baur , 1987 ) and mouse (Krusek and Zemkova , 1994 ) , recombinant glycine-activated chloride channels (Shan et al. , 2001 ) , and neuronal α 7 nicotinic receptors from chick and humans (Krause et al. , 1998 ) .
IVM is a selective and specifi c allosteric modulator of mammalian P2X4R (Khakh et al. , 1999 ; Priel and Silberberg , 2004 ) ; the P2X4-like receptor cloned from the parasitic blood fl uke Schistosoma mansoni is also sensitive to this drug (Agboh et al. , 2004 ) . Extracellularly applied IVM increases both current amplitude in response to supramaximal agonist concentration and sensitivity to ATP and α , β -meATP in rat P2X4R expressed in either Xenopus oocytes or the human receptor expressed in HEK293 cells. In both cell types, IVM also reduces the desensitization rate and greatly prolongs the deactivation of current after ATP removal (Khakh et al. , 1999 ; Priel and Silberberg , 2004 ) . Single channel analysis showed that IVM increases the probability of channel opening and prolongs the mean channel open time (Priel and Silberberg , 2004 ) .
Initial experiments indicated that IVM is effective only when applied extracellularly, suggesting that the receptor ectodomain contains the binding site for this compound (Priel and Silberberg , 2004 ) . However, it was recently reported that effects of IVM on the current amplitude, but not on the deactivation kinetics, are abolished in the C-terminal tail-truncated P2X4R and on the Y378A receptor mutant (Toulme et al. , 2006 ) , implying that intracellular sites might also be involved. Experiments using chimeric receptors revealed that TM domains and nearby residues of P2X4R are involved in the IVM effects on channel deactivation (Jelinkova et al. , 2006 ) . This conclusion was confi rmed in gain-of-function experiments by making eight TM chimeras between P2X4R and P2X2R (Silberberg et al. , 2007 ) . This group also searched for residues involved in IVM binding using tryptophan scanning mutagenesis. To evaluate IVM effects in such mutants, and to identify residues showing altered IVM effects, the authors used the ATP EC 50 , a saturating concentration of IVM, and less than 2-fold and larger than 5-fold increases in the amplitude of current attained in the presence of IVM. , and Cys 353 mutants. Helical net diagrams of TM domains showed a random distribution of these residues; none of these residues was P2X4R-specifi c (Silberberg et al. , 2007 ) .
In another study, cysteine-scanning mutagenesis of the rat P2X4R TM domain was used to identify IVM-sensitive hits: Gln (Jelinkova et al. , 2008 ) . The pattern of these predominantly non-polar residues, which are also present in the IVM-sensitive Schistosoma mansoni P2X subunit, was consistent with helical topology of both TM domains, with every third or fourth amino acid affected by substitution. Five of these residues have also been identifi ed by tryptophan scanning mutagenesis (Silberberg et al. , 2007 ) . These residues lie on the same side of their helices, whereas the IVM-independent hits Met , and Val 357 map on the opposite side of the helices. Such a model is consistent with a hypothesis that the IVM-sensitive hits indicate residues that face lipids in the open conformation state and could provide the binding pocket for IVM and that IVM-insensitive hits indicate residues that could play a role in permeation or other receptor functions (Jelinkova et al. , 2008 ) . The same residues in TM1 were also identifi ed as IVM-sensitive hits in alanine scanning mutagenesis (Jindrichova et al. , 2009 ). Altogether, these data strengthen the view that IVM selectively recognizes a site in close association to the TM domain of the P2X4R.
The P2X4R sensitivity to IVM was used as an assay for further structural-functional studies. For example, it is generally accepted that mutation of residues contributing to the ligand binding results in rightward shifts of the ATP concentrationresponse curve. However, this hypothesis could not always be tested experimentally because many of these mutants were non-functional with up to 10 m m ATP. A leftward shift in the wild-type P2X4R ATP concentration-response curve in the presence of IVM provided a valuable pharmacological assay to evaluate the response of receptor mutants (Zemkova et al. , 2007 ) . Functional relevance of aromatic residues in the TM1 domain of P2X4R was also studied using the combined ATP and IVM treatments (Jindrichova et al. , 2009 ) . Finally, the specifi city of allosteric actions of IVM among P2XRs was used to identify native P2X4Rs in different cell types (Sim et al. , 2007 ; Emmett et al. , 2008 ; Nagaoka et al. , 2009 ; Wareham et al. , 2009 ; Zemkova et al. , 2010 ) and their functional interactions with other members of this family of channels (Alqallaf et al. , 2009 ; Casas -Pruneda et al., 2009 ).
Independent actions of trace metals and ivermectin
A good example of different allosteric sites that modulate the P2X4R is illustrated by the interaction of trace metals and IVM, as shown in Figure 2 . As mentioned previously, zinc potentiates the activity of this receptor by binding to an extracellular allosteric site; Cys 132 plays a crucial role in the action of zinc but not copper . By contrast, IVM potentiates receptor activity but its allosteric site is located in TM1 and TM2 domains of the receptor (Jelinkova et al. , 2006 ; Silberberg et al. , 2007 ; Jelinkova et al. , 2008 ) . We reasoned therefore that if the sites for these modulators are distant and independent, the joint application of Zn 2 + plus IVM should result in additive effects on the ATP-evoked P2X4R currents. In the wild-type P2X4R, expressed in Xenopus oocytes, both Zn 2 + and IVM potentiated the ATP-evoked currents; the joint application of both Zn 2 + plus IVM elicited a dramatic increase of the ATP-gated currents (Figure 2 ), a likely indication that these modulators act at a separate site causing additive effects. By contrast, when oocytes expressing the zinc-resistant C132A mutant were examined, the joint application of these modulators did not elicit a larger response than that elicited by IVM. In agreement with these results, when the same protocol was performed in oocytes expressing the P2X2/4 chimera, a construct with the TM domain corresponding to the P2X2R, only the zinc but not the IVM-induced potentiation was attained (Figure 2 ) , emphasizing distinct sites of modulator action. These results highlight that the metal and IVM interact at separate sites, and that probably the interaction of each of these positive modulators is independent from each other.
P2XR modulation by protons
Extracellular and intracellular pH is determined by proton (H + ) concentration and it is an important regulatory mechanism of voltage-and ligand-gated ionic channels (Tombaugh and Somjen , 1998 ; Traynelis , 1998 ) . Likewise, P2XRs are subject to H + modulation. With the exception of P2X2R, which is potentiated, all the other homomeric P2XRs are inhibited by acidic pH (Clarke et al. , 2000 ; Clyne et al. , 2002b ; Yan et al. , 2005 ; Gerevich et al. , 2007 (Figure 1 ). For the P2X7R, the modulation by pH seems to be more complex; mutation of His 130 confers a partial resistance to H + inhibition (AcunaCastillo et al., 2007 ) . In a recent study, it was demonstrated that Asp 197 is also partially involved in pH modulation .
In view that hypoxia, as in ischemia, causes tissue acidifi cation, a local change in pH might be considered as a biological signal, which can ultimately result in altered gating of P2XRs. Taking into account that P2X2/3R heteromers are involved in the primary afferens of the pain pathway and, have a role in infl ammation, subtle changes in pH, can have a profound effect in receptor function. Representative recordings of macroscopic currents of oocytes injected with cDNAs encoding for the wild-type P2X4R (A), C132A-P2X4R (B), and P2X4/2 chimera (C). Oocytes were challenged with 1 µm ATP alone (1st column) or 1 µm ATP plus 10 µm zinc (2nd column), and 1 µm ATP plus 3 µm IVM (3rd column), or both zinc and IVM plus 1 µm ATP (4th column). Zinc and IVM were preapplied for 2 min before the ATP pulse. The combined application of both agents elicited statistically larger effects than that evoked by each agent separately only in the wild-type P2X4R.
Neurosteroids and fast non-genomic P2XR modulation
It is common knowledge that gonadal and adrenal steroids activate intracellular receptors, which migrate to the nucleus to modify de novo protein synthesis. However, the observation that the systemic administration of progesterone, but not β -estradiol, induced within minutes deep sleep, mimicking general anesthesia (Selye , 1941 ) , challenged the concept of genomic effects as the exclusive mechanism of steroid hormone action. Two decades later, the synthetic steroid, alfaxolone, was introduced to the clinic as an endovenous anesthetic. The fi nding that betaxolone was inactive (Kaufman , 1977 ) , pointed to a stereoselective mechanism, ruling out non-specifi c steroid lipophilic membrane interaction. Altogether, it can be proposed from these observations that steroids modify neuronal activity through rapid, non-genomic effects, independent of nuclear receptor activation and gene expression.
In agreement with this proposal, it was soon reported that neurosteroids change neuronal fi ring, acting on ionotropic receptors, via a fast non-genomic allosteric action (Compagnone and Mellon , 2000 ; Tsutsui et al. , 2003 ) . Ligand-gated ion channels are one of the possible targets for the rapid action of neurosteroids; in fact, the GABA A receptor channel is apparently a main target of the anesthetic action of alfaxolone (Harrison and Simmonds , 1984 ) . The allosteric modulation of the GABA A/C receptors by neurosteroids is the most thoroughly studied model system. Compounds such as 3 α ,21-dihydroxy-5 α -pregnan-20-one (5-α -THDOC, THDOC), a metabolite of deoxycorticosterone, and allopregnanolone, a brain progesterone metabolite, enhance within less than 1 min and with nanomolar concentrations the GABA A -induced currents acting as a positive receptor modulator (Harrison et al. , 1987 ; Peters et al. , 1988 ; Xue et al. , 1997 ) . At higher concentrations, allopregnanolone and related neurosteroids behave as partial GABA A receptor agonists opening per se the receptor channel (Harrison and Simmonds , 1984 ; Le Foll et al. , 1997 ; Hosie et al. , 2007 ; Hu et al. , 2007 ) . The nicotinic α 4 β 2, NMDA, or glycine receptors are also allosterically modulated in a positive manner by neurosteroids, including 17 β -estradiol (Paradiso et al. , 2001 ; Ahrens et al. , 2008 ; Johansson et al. , 2008 ; Sedlacek et al. , 2008 ) , implying that steroids modulate not only the pentameric Cys-loop family of receptors but also the tetrameric glutamate-gated receptors.
Although steroids are well-recognized allosteric modulators of ligand-gated receptor channels, few studies have addressed the basis of this interaction. A recent report by showed the modulator role of neurosteroids on the P2X4R in two independent cell systems; the modulation required a preincubation of only 30 -60 s, because no effect was evidenced when alfaxolone or pregnanolone were coincubated with ATP in either cell type. Allopregnanolone or THDOC (3 α ,21-dihydroxy-5 α -pregnan-20-one) also potentiated the ATP-gated currents in cells expressing P2X4Rs, but with a maximal effect much less than that observed for alfaxolone. By contrast, pregnanolone, but not its sulfated derivative, inhibited the ATP-gated currents, reaching a maximal effect of 40 % . In view of the short preincubation required for the modulation to occur, we deduced that these compounds must equilibrate with a steroid-selective site, a mechanism independent of gene expression. In agreement with this interpretation, the modulation was rapidly reversible by steroid washout. In our view, the putative site(s) of steroid action is/ are allosteric in nature. We cannot discard, however, that neuroactive steroids might interact with a cell membrane steroid receptor which, directly or indirectly, modifi es the ATP-gated currents. We are aware that steroids can also activate intracellular membrane receptors coupled to G proteins (Mizota et al. , 2005 ; Schiess and Partridge , 2005 ) , activating cascade mechanisms that indirectly modulate growth factor receptors, as extensively discussed for an intracellular 17-β -estradiol receptor (Prossnitz et al. , 2008 ) . One of the reasons for choosing two different cell types was to avoid the possibility that the steroids could signal through G-protein-coupled receptors that can indirectly affect P2X4R functioning. Codocedo et al. ( 2009 ) also observed that steroid concentrations approximately 100-fold larger than required to modulate the receptor acted as partial P2X4R agonists, gating per se the channel activity. This observation was supported by the fi nding that suramin, a non-selective P2XR antagonist, blocked the alfaxolone and related neurosteroid-gated currents. This result highlights that, in addition to the GABA A receptor, neurosteroids are also able to activate P2XRs by as yet undetermined molecular mechanisms.
De Roo et al. ( 2003 Roo et al. ( , 2010 studied the role of progesterone as a positive modulator of P2X2R activity; they have shown that dehydroepiandrosterone (DHEA), an endogenous steroid, potentiated in a concentration-dependent manner ATP-induced membrane currents mediated by P2X2R but inhibited those mediated by P2X3R (De Roo et al. , 2003 ) . In dorsal root ganglion neurons, progesterone rapidly and reversibly potentiated submaximal ATP-gated currents but had no effect on the currents activated by α , β -methylene ATP, an agonist of homomeric or heteromeric receptors containing P2X1 or P2X3 subunits (De Roo et al. , 2003 ) . In addition, in oocytes or HEK293 cells expressing homomeric P2X2Rs, responses to submaximal ATP, were systematically potentiated by progesterone in a concentration-dependent manner with a threshold between 1 and 10 n m . However, progesterone had no effect on the ATP currents carried by homomeric P2X1R, P2X3R, or P2X4R or by heteromeric P2X1/5Rs and P2X2/3Rs, implying that progesterone selectively potentiates homomeric P2X2Rs and, in contrast to DHEA, discriminates between homomeric and heteromeric P2X2Rs (De Roo et al. , 2010 ) . This might have important physiological implications because the P2X2 subunit is the most widely distributed P2X subunit in organisms.
Although at present the P2XR steroid binding site(s) has(have) not been delineated at the molecular level, it is obvious that steroids/neurosteroid interact reversibly as positive or negative allosteric modulators rather than affecting gene expression. Systematic studies with a wide collection of steroids, from the sex to the neurosteroids, need to be assayed in a same cell system prior to arriving to fi nal conclusions regarding the steroid binding site(s).
ROS and carbon monoxide as modulators of P2XRs
ROS, including oxygen ions (such as superoxide), free radicals, and peroxides, are chemically unstable, highly reactive molecules well known to induce cell damage by oxidative stress. Although historically associated with cell damage and/ or to the initiation of pathological processes owing to their ability to chemically modify essential protein residues, there is growing evidence that ROS (and also nitrogen reactive species) are signaling molecules that can modify gene expression (Droge , 2002 ) . In this context, it is known that ROS, reactive nitrogen species and free radicals modify the activity of ionic channels in the CNS and other tissues; for example, thiol-oxidizing agents inhibit Ca v channels in NB41A3 neuroblastoma cells, implicating cysteine residues in this reaction (Evans and Bielefeldt , 2000 ) .
Hydrogen peroxide is indirectly produced by cells as a result of the activation of several cell membrane receptors and other biochemical reactions; it is a prominent endogenous ROS that can signifi cantly increase after several pathophysiological conditions. Stimulation of the AT1 receptor by angiotensin II promotes NADH/NADHP oxidase activity, resulting in an increase of superoxide, which is avidly transformed by catalase into peroxides and can, among other pathways, modify gene expression through MAPK activity (Zafari et al. , 1998 ) . Within the past years, it has become evident that brain and peripheral ionic channels are targets of ROS activity. For example, hydrogen peroxide increased Ca v currents, an effect mimicked by thiol oxidizing agents (Chiamvimonvat et al. , 1995 ) ; by contrast, the high conductance BK type K Ca channel was inhibited by H 2 O 2 (DiChiara and Reinhart , 1997 ). The K v channels are also modulated by ROS and in the KCNH2 channel, two extracellular histidines have been identifi ed as the ROS sensor (Pannaccione et al. , 2002 ) . Likewise, the ryanodine receptor channel is modulated by NOS; cysteine residues of its redox sensor site have been identifi ed (Aracena -Parks et al., 2006 ) . In a recent report, we described modulation of the P2X2R by H 2 O 2 , mercury and the mitochondrial stress inducers myxothiazol and rotenone, and identifi ed the intracellular Cys 430 as a redox sensor of this receptor (Coddou et al. , 2009 ). The use of receptor chimeras, composed of P2X4 ectodomain and P2X2 intracellular and TM domains, was instrumental to uncover the intracellular nature of this redox modulation, because mercury potentiates P2X2R but inhibits P2X4R activity. Using an H 2 O 2 -resistant splice variant of P2X2R, termed P2X2bR, we determined that the redox sensor site was located on a 69-residue sequence absent in the P2X2bR variant. This intracellular stretch, not contained in the P2X2bR, includes a single cysteine localized in position 430. Site-directed mutagenesis, changing Cys 430 for either Ala or Ser, confi rmed that this residue is an intracellular redox sensor of the P2X2R. Interestingly, the ATP-evoked currents in the P2X4R were slightly inhibited by H 2 O 2 , suggesting an opposite redox modulation, which remains to be identifi ed (Coddou et al. , 2009 ) . These novel fi ndings indicate that P2XRs can modify their activity depending on the redox state of the cell. Future experiments will be crucial for determine if other P2XRs are also modulated by ROS and whether other NOS and reactive species could also act as modulators.
Carbon monoxide (CO), the metabolic product of heme oxygenase, one of the degradation products of the heme ring in aging red blood cells, is the second gas transmitter discovered in the CNS. Together with nitric oxide (NO), these endogenous gas signals challenged the view that transmitters need to be stored and released from nerve ending vesicles. The biochemistry and cell biology of CO has been the focus of attention in cell signaling following the seminal discovery of NO, and its role in the CNS. CO had traditionally been considered a toxic gas because of its poisonous properties; this gas has caused innumerable deaths by asphyxia in view of its approximate 250 greater affi nity for hemoglobin than oxygen. However, this molecule is also an important metabolite of anaerobic bacteria and in mammals it acts as a signaling molecule binding to heme-containing proteins (Wu and Wang , 2005 ) . As a part of the host defense system, CO prevents diverse procedures that induce cell stress, such as heavy metals, ROS, heat shock, and infl ammatory processes (Wu and Wang , 2005 ) . The proteins that can be modulated by CO include soluble guanylyl cyclase, nitric oxide synthase, hemoglobin, and cytochromes affecting several physiological variables such as cardiac function, vascular contractibility, platelet aggregation, and in the CNS circadian rhythm, odor sensation, and hearing, among others (Wu and Wang , 2005 ) . CO modulates the activity of several ionic channels and potassium channels are one of its main targets. There is evidence that CO affects BK type K Ca channels and ATP-sensitive K ATP channels (Wu et al. , 2002b ; Foresti et al. , 2004 ) . Other channels such as Ca v , Na v , and cyclic nucleotide-gated channels are also sensitive to CO modulation (Carratu et al. , 1993 ; Linden et al. , 1993 ; Leinders -Zufall et al., 1995 ) .
The hypothesis that CO modulates P2XRs was recently tested by the Kemp group (Wilkinson et al. , 2009 ) . They found that CO potentiates ATP-evoked currents only in cells that express the P2X2R; CO had no effect in cells expressing either the P2X3R or the heteromeric P2X2/3R, showing subunit specifi city. Moreover, these authors found a small, but signifi cant inhibition of ATP-evoked currents in P2X4R expressing cells. These results suggest that the P2X2R and P2X4R have an allosteric site for CO modulation or that this gas exerts its actions through indirect mechanisms. In this regard, the effects of CO in P2X2R and P2X4R are similar to those reported by Coddou et al. (2009) for ROS and mitochondrial stress inducers; it is therefore plausible that CO can bind to mitochondrial complexes and stimulate ROS production, a mechanism that has been demonstrated to modulate L-type Ca v channels (Peers et al. , 2009 ) . Whether NO can replace CO as a P2XR modulator remains to be explored; NO could have ample biological signifi cance in view of its abundance and crucial role in multiple CNS neuronal networks.
Modulation of P2XRs by phosphoinositides
Phosphoinositides (PIPs) are key components of biological membranes, particularly in the inner leafl et of the plasma membrane. These phospholipids coexist with a variety of membrane proteins and signaling enzymes such as phospholipase C, receptors, and ion channels. The relative abundance of the different phosphoinositides (PIP, PIP 2 , PIP n s) change depending on the activation of phospholipases, PI kinases, and phosphatases (Prestwich , 2004 ) . PIPs can modulate the activity of a variety of ionic channels, including several potassium channels (Huang et al. , 1998 ; Czirjak et al. , 2001 ; Suh et al. , 2006 ; Tucker and Baukrowitz , 2008 ) , Ca v channels (Wu et al. , 2002a ) , transient receptor potential channels (Hardie et al. , 2001 ) , and Na v channels (Pochynyuk et al. , 2005 ) . P2XRs are novel targets for phosphoinositide modulation and differential effects of these membrane lipids at different receptor subtypes makes this receptor family an attractive model to study the role of PIPs modulation.
The fi rst report of PIPs modulation on P2XR activity showed an effect of these membrane lipids on P2X2R desensitization (Fujiwara and Kubo , 2006 ) . PI3K inhibitors accelerated P2X2R desensitization; two positively charged residues located in the proximal region of the cytoplasmic C-terminal domain, Lys 365 and Lys 369 , were identifi ed as crucial for the interaction of membrane PIPs with the P2X2R (Fujiwara and Kubo , 2006 ) . Immediately thereafter, the Seguela group showed that PIP2 directly interacts with Lys 364 , located in the C-terminal domain of the P2X1R; inhibition of this interaction (by either mutagenesis of Lys 364 or Pi3K/PI4K blockade) to reduce the abundance of membrane PIPs resulted in a decrease of current amplitude and recovery from desensitization (Bernier et al. , 2008b ) . The same group demonstrated similar effects of PIP2 and PIP3 on P2X4R activity; using an in vitro binding assay they found that PIs interact with the Cys 360 -Val 375 sequence located in the proximal C-terminal domain of the P2X4R (Bernier et al. , 2008a ) . Similarly, P2X3R and P2X7R are inhibited by the PIP2 decrease induced either by PI4K inhibition of phospholipase C activation or by coexpressed G-protein-coupled receptors (Zhao et al. , 2007a,b ) .
Altogether, these studies indicate that the lipid and protein composition of the plasma membrane has a marked infl uence on P2XR activity. This might be a physiological relevant issue because ATP is one of the sympathetic cotransmitters which operates in conjunction with noradrenaline and neuropeptide Y in the sympathetic nerve refl exes (Donoso et al. , 2006 ) . Therefore, depletion of PIs in the cell membrane following a sustained sympathetic discharge might reduce the sympathetic response owing to a lesser IP 3 production following noradrenaline receptor activation, a condition that will also affect P2XR signaling as already discussed. For example, desensitization of P2X1R activity might have a component related to a decreased signaling by this receptor subtype. Therefore, the role of P2X1R desensitization and particularly following repeated α , β methylene applications vs. PIs depletion remains an issue to be further investigated.
Modulation of P2XRs by endogenous proteins
Phosphorylation of serine, threonine or tyrosine residues by protein kinases is one of the most important regulatory mechanisms of enzyme and/or receptor activity. Reversible phosphorylation/dephosphorylation of proteins occur upon the action of several kinases or phosphatases; ample evidence supports not only the regulation of the activity by receptors by phosphorylation but also its expression and traffi cking. For example, ionic channel regulation by phosphorylation/ dephosphorylation was shown for the K v and BK type K Ca channels and for the ionotropic receptors GABA A , NMDA and acetylcholine receptors, among others (Swope et al. , 1999 ; Davis et al. , 2001 ).
Protein kinases
Two families of protein kinases are most relevant to biological systems, one is activated by intracellular messengers cAMP (protein kinase A, PKA) and the other by diacylglycerol/calcium (protein kinase C, PKC). The intracellular concentration of these intracellular messengers varies on a minute-to-minute basis based on the activity of many membrane receptors and ligand availability. Several studies indicate that P2XRs, similar to other ionotropic receptors, are modulated by phosphorylation, although some of the observed effects remain controversial. The fi rst report on P2XR phosphorylation was done on the P2X2R and described the modulation of the receptor amplitude by PKA through the phosphorylation of the C-terminal residue Ser 431 (Chow and Wang , 1998 ) . More recently, similar studies have been reported for the P2X4R, whereby activity is potentiated by cAMP through PKA activation. This mechanism involves the phosphorylation by PKA of an accessory protein that interacts with the YXXGL endocytosis motif located on the C-terminal of the receptor and related to receptor internalization that results in an increase of P2X4Rs on the plasma membrane (Brown and Yule , 2010 ) .
P2XRs share a putative PKC-binding motif (TXR/K) in the receptor N-terminal end that has been proposed as a modulator site by phosphorylation. This was fi rst proposed for the P2X2R, because the mutation of the N-terminal Thr 18 dramatically affected receptor desensitization and the addition of the PKC activator PMA recovered the desensitization profi le in chimeric receptors (Boue -Grabot et al., 2000 ) . However, using biochemical approaches another study could not fi nd any evidence of a direct P2X2R phosphorylation at Thr 18 , suggesting instead that this residue could exert an important structural role but not through phosphorylation (Franklin et al. , 2007 ) . The ATP-induced currents of P2X1R and P2X3R are potentiated by phorbol 12-myristate 13-acetate (PMA), suggesting again the phosphorylation of the TXR/K motif by PKC (Paukert et al. , 2001 ; Vial et al. , 2004 ) . In this case, mutation of the respective threonine residues resulted in receptors with either signifi cantly smaller amplitudes or absence of P2X1R-and P2X3R-gated currents, respectively (Liu et al. , 2003 ; Franklin et al. , 2007 ) . Finally, biochemical experiments discarded that these threonine residues are directly phosphorylated (Vial et al. , 2004 ; Franklin et al. , 2007 ) .
Additional studies addressed the importance of the Thr 15 of the P2X7R in the pore dilation of the channel after prolonged applications of ATP or BzATP (Yan et al. , 2008 ) . Mutations of Thr 15 as in T15E, T15K or T15W mutants, showed instantaneous permeation to large organic cations in contrast to wild-type and T15A, T15S or Thr15 mutants that showed a biphasic current that refl ects the pore dilation (Yan et al. , 2008 ) . In cells expressing P2X5R, mutation of the corresponding Thr 18 resulted in non-functional channels, although they were expressed in the plasma membrane (Jensik and Cox , 2002 ) . Altogether, these results indicate that the TXR/K sequence located in the N-terminal of P2XRs has important structural roles and it is necessary for channel functioning; however, it remains unclear at present whether this residue is a PKC phosphorylation site.
Recent studies proposed that the P2X3R is regulated by cyclin-dependent kinase-5 (Cdk5) and C-terminal Src kinase (Csk), and that the phosphorylation of receptor residues by these kinases results in inhibition of the ATP or α , β -meATP induced currents ( D ' Arco et al., 2009 ; Nair et al. , 2010 ) . In the case of Csk-induced inhibition, intracellular Tyr 393 was identifi ed as the target of this kinase ( D ' Arco et al., 2009 ) . For Cdk5 modulation an increase of P2X3R serine phosphorylation was found, although is not clear if this effect is due to a direct or indirect interaction with Cdk5 (Nair et al. , 2010 ) .
Calmodulin (CaM)
CaM is a calcium-dependent protein that activates downstream signaling events through different target proteins. It has been proposed that the P2X7R directly binds CaM, resulting in current facilitation and membrane blebbing in a calciumdependent manner; the proposed CaM-binding site corresponds to the Ile 541 -Ser 552 sequence located in the C-terminal tail of P2X7 .
Visinin-like protein 1 (VILIP1)
A recent report described a novel interaction of the P2X2R with the neuronal calcium sensor VILIP1 (Chaumont et al. , 2008 ) . The authors found that VILIP1 constitutively binds to P2X2Rs altering channel properties, such as ATP-sensitivity and peak currents, opening the fi eld to study if such interactions occur in other P2X subtypes.
Lipopolysaccharides
Lipopolysaccharides (LPSs), also known as lipoglycans, are large molecules consisting of a lipid and a polysaccharide joined by a covalent bond. LPSs are found in the outer membrane of Gram-negative bacteria, act as endotoxins, and elicit strong immune responses in animals. A fascinating link between the P2X7R and infl ammation emerged within the past few years suggesting that LPSs modulate the receptor channel activity and therefore could participate as a relevant mediator in the infl ammatory response. Although it is known that the P2X7R is linked to the production of interleukin 1 β , a cutting edge publication showed that a sequence of the carboxy end of the P2X7R contains a conserved LPS-binding domain (Figure 1 ) . Denlinger et al. ( 2001 ) demonstrated that peptides derived from this P2X7R sequence bind LPSs in vitro . Moreover, these peptides neutralize the ability of LPSs to activate the extracellular signal-regulated kinases (ERK1, ERK2) and to promote the degradation of the NFκB alpha isoform inhibitor in tissue-cultured macrophages. Collectively, these data suggest that the carboxy terminal domain of P2X7R can directly coordinate several signal transduction events related to macrophage function and LPS action. In view that the LPS-binding domain is related to carboxy end of the protein, and considering that the P2X7R is characterized by an extended C-terminal, it is unlikely that other P2XRs have a similar site. In addition, functional studies link the P2X7R, but not other P2XRs to the infl ammatory response.
As to whether the interaction of LPS with the P2X7R is allosteric in nature remains to be described. However, it has not escaped our attention that endogenous lipids and particularly glycolipids can act as putative endogenous modulators at this site on the P2X7R. For example, lysophosphatidylcholine potentiates Ca 2 + infl ux, apoptosis, and ERK activation in mouse microglial cells, effects which can be linked to P2X7R stimulation. Likewise, PIP 2 evoked a positive modulation of ATP-evoked currents (Zhao et al. , 2007b ) ; Bovine serum albumin, 11-(5-dimethylaminonaphthalene-1-sulfonyl)amino)undecanoic acid or arachidonic acid markedly increased the potency of BzATP, to stimulate ethidium accumulation (Michel et al. , 2001 ) further supports this contention. It should be noted that BzATP is a rather selective P2X7R agonist. Polymyxin B, and specifi cally its hydrophobic tail, positively modulate P2X7R-mediated ethidium uptake (Ferrari et al. , 2006 ) . Recently, in support of the role of lipids in P2X7R activity, Michel and Fonfria ( 2007 ) showed that a diverse range of lipids increased agonist potency at the P2X7R in functional and binding studies.
Alcohols as modulators of P2XRs
The sedative hypnotic properties of ethanol and longer chain alcohols have attracted humans since immemorial times. It was accepted for a long time that alcohols exert their psychotropic actions in a non-specifi c manner through interactions with membrane lipids, following a cut-off rule that relates alcohol potency to their hydrophobic nature. Independent of the lipid solubility of these drugs, it is now widely accepted that alcohols can directly modify protein function, in most cases, owing to the interaction with TM domains or hydrophobic pockets within the protein structure. The most important targets of ethanol related to its intoxicating actions are neuronal voltage-gated and ligandgated ionic channels. In the case of the latter, there are reports of alcohol effects on GABA A , GABA C , glycine, nicotinic, 5-HT 3 , NMDA, and AMPA/kainite receptors (Monaghan et al. , 1989 ; Harris et al. , 1995 ; Sommer and Seeburg , 1992 ; Crews et al. , 1996 ) . P2XRs are also modulated by alcohols; P2X2R and P2X4R are inhibited (Davies et al. , 2002 ) and P2X3R is potentiated by ethanol (Davies et al. , 2005 ) . Several residues have been identifi ed to be important in ethanol modulation of P2XRs. In the P2X4R, the extracellular His 241 has been proposed to be associated with the mechanism of ethanol inhibition and recently TM2 domain has been identifi ed as key for ethanol inhibition (Xiong et al. , 2004 ; Popova et al. , 2010 ) . For the P2X2R, it has been shown that the interface regions between TM domain and ectodomain are important for ethanol inhibition (Asatryan et al. , 2008 ) .
Propofol, ketamine and, toluene
Propofol is an endovenous anesthetic that is widely used in the clinic and has been reported to modulate the activity of neuronal GABA A receptors (Patten et al. , 2001 ) . It also potentiates P2X4R activity expressed in HEK293 cells but has no effect at P2X2R and P2X2/3R (Tomioka et al. , 2000 ) . Propofol also potentiates the P2X7R-mediated currents in microglia, an effect that was mimicked by two other clinically relevant endovenous anesthetics, thiopental and ketamine (Nakanishi et al. , 2007 ) . In another study, neither ketamine nor propofol affected the P2X2Rs (Furuya et al. , 1999 ) .
Owing to its intoxicating effects, toluene is an abused organic solvent; several studies report that it modulates several voltage-and ligand-gated ion channels (Franks and Lieb , 1997 ) . Among P2XRs, toluene potentiates the ATP-evoked currents in cells expressing homomeric P2X2R and P2X4R, as well in cells expressing heteromeric P2X4/6R and P2X2/3R. By contrast, in cells expressing the homomeric P2X3R, toluene inhibits ATP-evoked currents (Woodward et al. , 2004 ) .
Concluding remarks Physiological implications of allosterism
Allosterism adds a fundamental regulatory mechanism to ligand operated receptor channels, a mechanism common with enzymes, G protein-coupled receptors nuclear receptors, and probably transporters. We now know that the activity of these proteins not only depends on ligand concentration or substrate availability at the receptor interface or milieu but also on the accessibility of modulators both in the extracellular or intracellular setting. In light of this concept, the synaptic role of these modulators has fi nally acquired full physiological signifi cance; allosterism has widespread physiological implications for biosignaling. The P2XR family is no exception to this type of regulatory mechanisms, much like the pentameric Cys-loop receptors or the glutamate tetrameric receptors, highlighting the variety of regulatory mechanisms and the intricacies of these processes independent of the evolutionary origin of these proteins. Some of the endogenous allosteric modulators act in the extracellular P2XR domains, others occur at intracellular sites. Moreover, we have also discussed the action of IVM, a potent and effi cacious P2XR modulator whose precise site and putative endogenous ligand remains to be established. In addition, exogenous compounds (such as the alcohols and several anesthetic agents) that are not potent modulators are in the list of compounds that currently lack an endogenous ligand. The search for their corresponding endogenous ligands, if any, is of a great and urgent physiological relevance.
The fi nding that other endogenous compounds, such as protons, ROS or neurosteroids, modulate P2XR activity also open promising opportunities to study the allosteric modulation in a more physiological context. For example, changes in cellular pH (as they have been observed during ischemia) could affect P23XR activity. In the case of oxidative stress or following abundant ROS production, either by pathophysiological conditions or drugs, we recently identifi ed an intracellular redox sensor for the P2X2R that modulates its channel activity (Coddou et al. , 2009 ). In our view, this is a novel and challenging concept adding that the physiological activity of this particular P2XR also depends on the metabolic state of the cell, a regulatory modality that adjusts cell communication depending on its minute-to-minute metabolism. Likewise, the recent discovery that P2XRs are modulated by neurosteroids (De Roo et al. , 2003 ; Codocedo et al. , 2009 ) adds new possibilities for altering P2XR signaling, and brain excitability, during specifi c periods of life such as the menstrual cycle days or during long-lasting stressful situations, or the burst of adolescence, pregnancy, or menopause, among other pathophysiological conditions when the concentration of brain steroids or the pregnane-derived steroids change dramatically. Similarly, the infl uence of PIPs on P2XR functioning, through interactions with positively charged amino acids located in the interface between the C-termini and the TM domain of the P2XRs; endogenous proteins such as CaM, protein kinases, and calcium-sensing protein also modulate the activity of P2XRs.
Pharmacological and plausible therapeutic applications and implications
In view of the interest in the P2X7R as a target for novel analgesics and anti-infl ammatory agents, a substantial number of novel compounds with a potential clinical profi le have been developed by major pharmaceutical companies. An abridged compendium showing some of these promising P2XRs agonists or competitive antagonists was collected by Gunosewoyo and Kassiou (2010) . The main problem with most of these drugs is their poor selectivity among P2XR subtypes. In this context, where allosteric modulators constitute a valuable alternative for future drug design, the identifi cation and characterization of P2XR allosteric sites is a relevant issue. For example, the design of a drug that mimics the action of IVM could result in a specifi c P2X4R ligand; the same could apply to other P2XR modulators that might interact at allosteric receptor modulator sites.
Although, at present, the pharmacological abundance of the P2X armament is far from that developed for the GABA A or nicotinic receptors, the emerging development of novel P2X7R antagonists seem to align along this trend. In two recent reports, Michel et al. ( 2008a,b ) reported on novel selective P2X7R antagonists displaying a complex non-competitive pharmacodynamic profi le at this receptor. Upon further studies, some of these compounds better qualifi ed as allosteric modulators rather than interacting directly at the ligand binding site. For example, GW791343 does not appear to interact at the ATP binding of the human P2X7R, but rather acts as a negative allosteric modulator. Interestingly, the predominant effect of GW791343 at the rat P2X7R was as a positive allosteric modulator; indicating, in addition, subtle differences in receptor species. Therefore, novel mechanisms are at hand with species differences revealing that carefully controlled studies will be necessary before moving to human studies. These compounds and the insight of analyzing drugs as potential allosteric modulators is a powerful strategy to develop new tools for the purinergic fi eld. Incidentally, in view of the potential of P2X7R antagonists as anti-infl ammatory drugs, the opportunities of new mechanisms for the ease of chronic pain should be seriously evaluated (Donnelly -Roberts and Jarvis, 2007 ).
Evolutionary considerations
It is possible that all P2XR subtypes originated from an ancestral gene, which in turn probably evolved from another protein related to either a primitive ATP binding protein or a subunit of a primordial ionic channel. One of the main aspects of evolution of these proteins is conservation of trace metal coordination sites, as well-illustrated by the presence of allosteric sites in the current P2XRs from microorganisms ( Schistosoma mansoni -IVM and Dictyostelium discoideum -copper) (Agboh et al. , 2004 ; Fountain et al. , 2007 ) to mammals (Coddou et al. , 2003a ; Jelinkova et al. , 2006 ; Silberberg et al. , 2007 ; Tittle and Hume , 2008 ) . It is challenging that although the amino acids involved in P2XR trace metal coordination do not appear to be aligned among the several P2XR subtypes most subunits evolved a trace metal allosteric site. Even more challenging is the notion that although the ATPgated currents elicited by P2X2R homomers is positively modulated by either zinc or copper evoked by P2X7R homomers is inhibited by these metals. The most paradigmatic case within P2XRs is the P2X4R homomer, which has a distinct and separate site for zinc as a positive modulator and for copper as a negative modulator. The characterization of two sites, based on the identifi cation of the amino acids, involved in the differential coordination of these two trace metals was dissected by Coddou et al. ( 2003a Coddou et al. ( , 2007 . The tridimensional structure of the P2XRs based on the crystallized P2X4R from the zebrafi sh shows that the trace metal coordination site(s) for the P2X4R or the P2X2R are spatially close to the ATP binding site (Kawate et al. , 2009 ) , allowing us to propose that metals essentially modify the affi nity of the P2XR for ATP as was determined experimentally (Acuna -Castillo et al., 2000 ; Coddou et al. , 2003a Coddou et al. , , 2007 .
Similar considerations are valid and could be predicted for other allosteric regulators of P2XRs. It is interesting that most ligand-gated ionic channels are sensitive to modulation by IVM, but the mechanism(s) of even the precise site(s) remain as yet unclear for almost all ligand-gated channels. By far, the most exciting property of IVM as a P2XR allosteric modulator refers to its P2X4R specifi city, posing a picture much different from that observed with trace metals. As to why the evolution of the IVM modulation differed so markedly from trace metals remains to be further studied and established. Steroids, as trace metals, are either positive or negative allosteric P2XR modulators. The identifi cation of modulator steroid site(s) revealed that some sites are specifi c for the gonadal steroids, other sites show specifi city for the neurosteroids, allowing us to propose that strict structural requirements could be interpreted in terms of receptors multiplicity, a hypothesis that should be examined. As to whether the IVM and the steroid site(s) share commonalities is an issue that awaits further experimentation but in view of the differences in P2XR subtype selectivity, it appears more teleological that these molecules evolved separate modulator sites.
